This paper presents a new proposal for beam-column interaction formulae initially based on second-order in-plane elastic theory, as an alternative to those proposed in the Eurocode 3 pre-standard [1] . It has been derived according to the following requirements: theoretical background, clear physical meaning, consistency with the other related formulae of Eurocode 3 and accuracy. Besides that, the suggested formulae cover all required continuities: between the cross-section classes, from plasticity to elasticity as slenderness and axial force increase, and continuity between all the individual stability member checks and cross-section verifications. Further to the presentation of the formulae and their background, the good agreement of the proposal is shown through an extensive comparison with more than 15 000 results of finite element numerical simulations.
Introduction
The stability of structural members subjected to combined axial compression forces and bending moments is a quite important problem for designers and it has been extensively studied during the last 50 years [2] ; nevertheless, as a full satisfactory solution is still not yet available for daily practice, and because of the general tendency to increase the slenderness of steel members and frames, further research investigations have to be carried out with the aim to include safe and economic calculation rules in modern design codes. As far as Eurocode 3 is concerned, it is now widely recognised that the interaction formulae for beam-columns have to be significantly improved, in terms of accuracy and physical background. Present paper aims at describing a new proposal for beam-column interaction formulae, that could be an alternative to the Eurocode 3 ones.
The proposed formulation has been derived in order to fulfil several objectives: economy and accuracy, generality, physical transparency and consistency with all the individual stability member checks (flexural instability in compression, lateral torsional buckling in bending…) and cross-section resistance verifications; it is based on a second-order in-plane elastic theory, and has been progressively extended to spatial and elastic-plastic behaviour. Its theoretical format is such that each constitutive coefficient is normally associated to a single physical effect; when this is not possible, results of FEM numerical simulations are used to calibrate locally some coefficients.
In this paper, for sake of simplicity and lack of space, attention will only be devoted to the design of members where lateral torsional buckling is not likely to occur, i.e. torsional deformations are prevented. But the out-of-plane behaviour of the beamcolumns subjected to biaxial bending and axial compression will be considered. This case is not a common one in practice, except for tubular construction, but it represents an important step for the development of the presented formulae. Complete formulae including lateral torsional buckling effects are available and have been also validated through comparisons with FEM simulations; the interested reader is kindly requested to refer to references [3] and [4] for more details.
Finally, notations used in the paper are those suggested in Eurocode 3. 
Basis of the formulation
For an applied axial compression Sd N , the additional deflection ( )
can be evaluated by solving the following classical buckling equilibrium equation:
where cr N is the Euler elastic critical load. The total deflection at mid-span of the beam then amounts
and the resistance criterion of the member crosssection at mid span including second-order effects is then expressed: 
In Eq. 
where:
-With a n ∆ term, as in DIN 18800 [6] :
-µ format:
with:
The last format is the one adopted in the proposal as the first term of (10) simply corresponds to the Eurocode 3 stability check for a member in pure compression.
Amplification factor
The distribution of first order bending moments along the member is affected by the application of the axial compression force because of well-known second order effects.
For a member subjected to a sinusoidal distribution of first order bending moments, the "amplified" moments resulting from the application of the axial force Sd N are obtained by multiplying the first order bending moments by the following amplification factor already used in section 2.1:
For sake of simplicity, the same amplification factor has been applied in section 2.2 to the Sd M moment distribution, what is not strictly true from a scientific point of view.
For instance, for a column subjected to end moments (linear distribution of first order bending moments along the column, the exact value of the amplification factor is [7] : (6) , (8) and (10) . In the next paragraph, it will be shown that this correction may be taken into consideration through the adoption of appropriate values for the equivalent moment factor m C .
C m coefficient
The concept of "equivalent moment" is a quite usual one as far as beam-columns are concerned. It simply allows replacing the actual distribution of first order bending moments along the member by a sinusoidal equivalent one.
The maximum first order moment in the equivalent moment distribution is defined as
Sd m M C
; in this expression, Sd M is the value of the maximum moment in the actual first order distribution of bending moments, and m C is called "equivalent moment factor". The equivalence is such that the maximum amplified moment resulting from the application of the axial compression force in the actual member is equal to the maximum amplified moment in a similar column subjected to the sinusoidal equivalent moment distribution. This is illustrated in Fig. 4 .
This concept brings significant simplification as the maximum amplified equivalent moment is located at mid-span.
From theoretical considerations [6] , the exact expressions of m C to apply to a member subjected to a linear first order bending moment distribution (i.e. 
when lim N N Sd ≥ , and: which the collapse is reached by lack of resistance at the end of the member, and not by instability phenomena.
Villette [5] , [8] , extensively studied the problem, and derived a simple approximate expression, which allows, in Eq. (10), to account for the theoretical error mentioned in § 2.2.1:
It is worthwhile to state that the combined use of Eq. (10) and (16) does not prevent the designer from checking the resistance of the member end cross-sections.
Eq. (16) has been integrated in the proposal. Fig. 3 outlines the fundamental differences between the theoretical value of m C and some other well-known definitions, i.e. the Austin one:
and the Massonnet one:
Besides the fact that the theoretical values of m C depend on For beam-columns subjected to transverse loading or end moments plus transverse loading, it is recommended to adopt the following value for the equivalent moment factor C m [7] :
where the index "0" means "first order". When the member is laterally restrained by means of one or more intermediate supports, The validity of this new definition of the equivalent moment factor is shown in § 5.
In the next section, the formulae (10) are extended to column subjected to biaxial bending moments and modified to integrate plasticity effects.
Extension to spatial behaviour and plasticity

Spatial behaviour
The in-plane format of Eq. (10) . ; k is a plasticity coefficient expressed as follows:
pl W and el W designate respectively the plastic and elastic modulus of the column crosssection in bending. λ represents the reduced column slenderness for flexural instability.
Because of instability effects, it appears that the beam cannot develop its full plastic capacity, that must then be tempered by this k coefficient. The definition of k must also depend on λ , to allow the behaviour of the beam being plastic for small slenderness, and to become elastic as λ and axial compression increase, as it is in reality. In
Eq. (21), the factor ( ) 
Biaxial bending
In the particular case of biaxial bending, Eq. (20) 
Eq. (23) accounts also for plasticity effects, as detailed in the previous paragraph; this is a linear interaction criterion, while, from a physical point of view, it should not. For instance, the Eurocode 3 formula (Eq. 24) is not linear:
Then, the formulation must be modified in order to take this effect into account. This is Because of the spatial behaviour, the ii k coefficients must write: 
Eqs. (25) and (26) are the general formulae of the proposal. They allow to deal with biaxial and elastic-plastic behaviour, on the basis of in-plane second-order elasticity.
They can also be adapted easily to lateral torsional buckling, but this case will not be presented in this paper (cf. [3] , [4] ). Because of their theoretical background, they present a strong physical meaning, preventing from mistakes in their use. Next paragraph aims at showing that this general shape reduces to well-known formulae when the applied loading is simple. It is details also how elastic-plastic effects can be integrated in a continuous way, as it is physically, but not in Eurocode 3 at that time.
Continuity aspects
One of the most important requirements for the development of such a formula lies in its ability to present as much continuities as possible. This paragraph is then devoted to point out continuity aspects, which can be divided into 3 types: continuity between plane and spatial behaviour, continuity between stability and cross-section resistance checks, and smooth resistance transitions in the elastic-plastic range, as a consequence of instability effects.
Simple loading cases
The general format of Eqs. 
Of course, other cases like mono-or biaxial bending are covered by the formulation in the same way (cf. § 3.3). The proposal deals also with all cases of buckling stability problems, whatever the type of loading, i.e. axial compression and biaxial bending. It has been shown that it presents all types of continuities for this particular point, and next paragraph focuses on the continuities between stability and cross-section resistance checks.
Stability to resistance continuity
Another important aspect that the formulation should cover is linked with the influence M . , as drawn in Fig. 7 and 8 . The value 2 in Eq. (36) is the highest integer one that can take the benefits of plasticity without being insecure when the axial force is high.
Particular Class 3 cross-section cases
As already mentioned before, the proposal was developed so that the transitions between elasticity and plasticity are smooth and continuous, as it is actually. It has been shown in § 3.2 that this is effective for a member, but this is not the case between crosssections classes. As shown in Fig. 6 , according to Eurocode 3, a step of bending resistance exists between Class 2 and 3 cross-sections. So, the formulation proposes to adopt a new "elastic-plastic modulus 3 W " allowing a smooth transition along Class 3
field. As this coefficient should depend on the t b / ratios of the cross-sections walls, it is proposed to follow the Australian AS4100-1990 recommendations, that may be expressed as follows: (37), the bending resistance of Class 3 cross-sections becomes a smooth linear transition between the plastic and the elastic behaviour (cf. Fig. 6 ).
Results -Accuracy
The formulae have been tested from more than 200 test results [5] , and showed precise and safe results; but because of the large number of parameters involved in the complex behaviour of beam-columns, these tests cannot be sufficient to prove the accuracy of the proposal in all cases. Therefore, a comparison between the proposed formulae and numerical simulations has been performed (from about 15000 simulations). First, the numerical hypotheses and models are described here, and then some particular results are presented.
Numerical models
This paragraph gives a general overview of the calculations and a description of the assumptions made in the numerical model. Two software were used for the study: most of the results were carried out from ABAQUS [9] , and some of them from FINELG [10] in the particular case of a IPE 200 shape. This allowed comparing both results, and these have been found in excellent agreement. Then, a parametric study was led, with: So, wide ranges of cases were studied, to cover as well as possible most of real practical cases.
Beam elements have been used: 100 using ABAQUS with 51 integration points over the cross-section, and 10 using FINELG with 25 integration points over the cross-section and 4 along each element.
The beams were considered simply supported, and initial sinusoidal deflections with maximum amplitude of 1000 / L were introduced in both principal planes. Regarding the material, an elastic -perfectly plastic constitutive law (i.e. without strain-hardening) has been used, with Fig. 10 characteristics. Additional imperfections such as residual stresses were also accounted, as described on Fig. 9 .
The performed calculations followed a geometrical and material non-linear calculation model, which coupled with the hypotheses described above, allow the real behaviour of the member to be simulated as precisely as possible. For the particular case of biaxial loading, the degrees of freedom relative to torsional deformations have been restrained, in order not to have any interaction with lateral torsional buckling effects.
In-plane behaviour
Only results about in-plane behaviour are presented here, and they are restricted to weak axis bending. Considering that for classical I-section shapes, . , plasticity effects are much more important for in-plane weak axis bending (cf. Fig. 7 and 8). Nevertheless, the conclusions for strong axis in-plane bending are similar. Tables 1 and 2 
Biaxial bending
Besides the fact that the proposal also accounts for lateral torsional buckling [12] , only results where torsional deformations are prevented are presented, i.e. the collapse has been reached by buckling or by end-sections excess of plasticity. Results including lateral torsional buckling will be presented later.
Here, the beam is subjected to biaxial bending with axial compression: having spatial components, the cross-section displacements are much more complex. As a consequence, more results are presented: cases where at failure Tables 3 and 4 .
The results are in a good agreement, accounting that because of biaxial effects, the behaviour of the member is relatively complex. Mean values are satisfactory as the maximum values stay under 25% safety. In order to emphasise the accuracy of the proposal for biaxial bending cases, Fig. 11 shows an example of interaction diagram.
Conclusion
The formulae for beam-columns detailed in this paper are based on second order inplane elasticity. This theoretical format allows the proposal to be physically understandable and general. It does not cover only plane behaviour but also spatial behaviour and loading, elastic-plastic effects and accounts for instability phenomenon.
It was derived in order to present a maximum of continuities: between cross-section classes, from stability to resistance checks, between pure elastic and pure plastic behaviour, and with the other formulae of Eurocode 3.
In addition, several concepts such as amplification effects or equivalent moment concept are discussed, and new expressions are proposed.
A parametric study show that the proposal is safe and efficient, and that it is much more accurate than the one included in Eurocode 3.
Extensions to cases where lateral torsional buckling is possible are already available [3] , [4] , [12] , but still need to be improved. This will be the next development. Table 4 Results for spatial behaviour 
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